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Biomolecular separation is crucial for downstream analysis. Separation technique

mainly relies on centrifugal sedimentation. However, minuscule sample volume

separation and extraction is difficult with conventional centrifuge. Furthermore,

conventional centrifuge requires density gradient centrifugation which is laborious

and time-consuming. To overcome this challenge, we present a novel size-selective

bioparticles separation microfluidic chip on a swinging bucket minifuge. Size sepa-

ration is achieved using passive pressure driven centrifugal fluid flows coupled

with centrifugal force acting on the particles within the microfluidic chip. By

adopting centrifugal microfluidics on a swinging bucket rotor, we achieved over

95% efficiency in separating mixed 20 lm and 2 lm colloidal dispersions from its

liquid medium. Furthermore, by manipulating the hydrodynamic resistance, we

performed size separation of mixed microbeads, achieving size efficiency of up to

90%. To further validate our device utility, we loaded spiked whole blood with

MCF-7 cells into our microfluidic device and subjected it to centrifugal force for a

mere duration of 10 s, thereby achieving a separation efficiency of over 75%.

Overall, our centrifugal microfluidic device enables extremely rapid and label-free

enrichment of different sized cells and particles with high efficiency. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4931953]

I. INTRODUCTION

Bioparticles found in peripheral fluids include diseased cells and submicron particles, such

as subcellular components, bacteria, or microvesicles.1–3 Our bodily fluids carry many of these

substances that provide vital information on the patient’s disease burden.4–7 Currently, many

research efforts emphasize on effective extraction of these extraordinary bioparticles.8–12

Indeed, the analysis of diseased bioparticles has potential for disease diagnosis,13,14 monitor-

ing,15 and prognosis.16–18 However, the extraction of these rare particles is not trivial because

of their microscopic size, extreme rarity, and extensive heterogeneity. Despite so, researchers

have achieved separation of these rare particles by their size anomaly.19–23 Conventionally, den-

sity gradient centrifugation is utilized for particle fractionation. Density gradient centrifugation

may be divided into two categories—rate-zonal centrifugation (separation according to size and

mass) or isopycnic centrifugation (separation according to density).24–26 In biological applica-

tions, rate-zonal centrifugation is often adopted to obtain cellular components for further analy-

sis.27,28 Typically, different density gradient concentrations are stacked unto a conical tube,

from the lowest to the highest concentration. A sample is then loaded on top of the density gra-

dient and subjected to ultracentrifuge of up to 1 000 000 � g repeatedly. Additional steps are

then required to retrieve the particles from the density gradient media. Therefore, this process
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is not only laborious and time consuming, it also utilizes expensive equipment. Moreover,

selection of an appropriate density gradient media is also not trivial.

Centrifugal microfluidics has been the core research theme for diagnostic applications for

several decades.29,30 The miniaturized rotational platform offers many intrinsic advantages in

particle and liquid handling.31 In fact, many researchers capitalize on the high rotational fre-

quency to provide particle sedimentation, fractionation, isolation, separation among

others.22,32–36 Recent advances capitalize on microfluidic design to achieve passive valving and

inertial focusing within the centrifugal platform.37,38 Carboxylated microbeads are also recently

utilized for specific biomolecular capture and extraction in a centrifugal platform.39,40 However,

high-resolution separation or extraction of particles in the centrifugal system is typically com-

plicated,9 and often requires adding density gradient media41 or other active labeling

methods.32

Increasingly, there is also a pressing need to develop diagnostic tools that utilize low sam-

ple volumes in a high throughput and cost effective manner.10,42,43 In particular, low volume

processing is highly attractive for continual disease monitoring as it reduces the burden on the

patient. In fact, miniaturization is highly dependent on the sample and reagent volume, and is

an important criterion in point-of-care devices.44–46 The ability to obtain enriched samples is

also highly desired to improve diagnostic sensitivity. Furthermore, low volumes negate the

requirements for additional accessories for sample storage and preservation.45 However, extrac-

tion of bioparticles from low sample volumes is especially challenging due to device specific

requirements.

In this study, we adopted a density gradient free centrifugation to extract bioparticles using

only 20 lL input volume. In particular, by adopting a commercial bench top minifuge, our

microfluidic device is subjected to centrifugal forces of approximately 1300� g, a fraction of

the conventional ultracentrifuge. The separation principle is primarily based on the centrifugal

forces acting in the radial direction. We demonstrated that the characteristic time of radial cen-

trifugal force acting on the swinging bucket on the horizontal position is sufficient to achieve a

distinguishable separation between different micron sized particles. Simultaneously, by manipu-

lating the hydrodynamic resistance, we were able to adjust the flow velocity within the micro-

fluidic chip under the compressive pressure when the swinging bucket is tilted to a vertical

position. Specifically, we demonstrated liquid extraction of over 95% efficiency by separating

the mixed colloidal dispersions within a 5 s centrifugation. Next, we introduced mixed colloidal

dispersions unto the lower inlet of the microfluidic chip and subjected it under the same centrif-

ugal force for 5 s. In this, we demonstrated that our device is able to separate particles into dif-

ferent outlets with a separation efficiency of up to 90%. To further prove our device utility for

biological applications, we introduced spiked MCF-7 cells in diluted whole blood. We replaced

the existing swinging bucket with our custom-fabricated swinging bucket to allow a longer ra-

dial centrifugal force for more distinct separation. Our device achieved separation efficiency of

75%. Overall, we demonstrated that our device is capable of separating micron sized particles

in minute volumes of liquid in an ultrafast, label free and efficient manner.

II. MATERIALS AND METHODS

The schematic design of the centrifugal microfluidic separation system is illustrated in Fig.

1(a). Briefly, the mechanical rotor is set to spin the swinging bucket platform at a speed of

5000 rpm within the enclosure of 120 mm diameter. The microfluidic chip is secured within the

swinging bucket and is subjected to both radial centrifugal and compressive centrifugal forces

during the spin. The schematic of the microfluidic chip is further illustrated in Fig. 1(b). The

microfluidic chip caters for two inlets and two outlets. The lower inlet is located with a hydro-

dynamic length of 10 mm away from the separation channel while the upper inlet is located

with a hydrodynamic length of 100 mm away from the separation channel. The difference in

hydrodynamic distance accounts for the difference in hydrodynamic resistance, which in turn,

affects the advection velocity within the separation channel. Particles separation occurs in the

separation channel of 1500 lm� 800 lm� 140 lm (L�W�H) and with curvature radius
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50 mm. The microfluidic chip is sized 25 mm� 25 mm� 10 mm (L�W�H) which fits snugly

into the swinging bucket. The microfluidic chip is fabricated using standard soft lithography tech-

niques. Briefly, SU8 was patterned unto a silicon wafer to create topographical structures. Next,

polydimethylsiloxane (PDMS, Dow Corning Sylgard 184, Midland, MI) prepolymer mixed in

10:1 (w/w) ratio with curing agent was poured onto the silanized wafer and cured at 70 �C for

2 h. The cured silicone elastomer was removed from the mold and fluidic inlets and outlets were

formed through hole-punching (1.2 mm). Finally, the PDMS microfluidic device was covalently

bonded with a custom-cut glass slide (25 mm� 25 mm) using oxygen plasma treatment. The

device is completed after curing in the oven at 70 �C for another 3 h. The actual centrifugal

microfluidic system complete with two microfluidic chips on the swinging buckets is shown in

Fig. 1(c). Furthermore, the fabricated microfluidic chip loaded with red dye is shown in Fig. 1(d).

The microfluidic chip was primed with Milli-Q distilled water from the inlet with the out-

lets sealed. As proof of concept, polystyrene microbeads (Phosphorex, MA), each of density

1.05 kg/m3 but of different particle diameters, were mixed to form approximately 1% solid sus-

pensions. The mixed colloidal dispersions was then loaded into the microfluidic chip on the

upper inlet using a 1 ml plastic syringe (BD) attached to an 18 G blunt needle tip. The loading

inlet and both outlets were left open to atmospheric air to prevent compressed air accumulation

leading to reverse flow. The microfluidic chip was carefully placed on the swinging bucket and

enclosed within the mechanical rotor centrifuge (Life Technologies, CA). The centrifuge was

toggled for quick spin for 5 s before power is off. The microfluidic chip was then removed

from the swinging bucket and observed under the microscope. Next, approximately 20 ll of sus-

pension was slowly loaded into the lower inlet of a new microfluidic chip using a new 1 ml

plastic syringe. Similarly, the loading inlet and both outlets were left open to atmospheric air.

Again, the microfluidic chip was subjected to a quick centrifugal spin of 5 s. The microfluidic

FIG. 1. Microfluidic chip within a swinging bucket minifuge. (a) Schematic illustration of the centrifugal microfluidic plat-

form driven by radial and compressive centrifugal force. (b) Schematic of the microfluidic chip having two inlets, a separa-

tion channel, and two outlets. The separation channel drives particles of different sizes into different outlets. (c)

Photograph of actual centrifugal microfluidic system mounted on a minifuge and (d) microfluidic device loaded with red

color dye. Scale bar denotes 10 mm.
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chip was removed from the centrifuge immediately and observed under the microscope. To fur-

ther validate the separation efficiency, the loading inlet and respective outlets were observed

under microscope. The images were captured and analyzed using ImageJ software (NIH, US).

To demonstrate device utility, human breast adenocarcinoma cell line, MCF-7, pre-stained

with lipophilic fluorescent dye dihexyloxacarbocyanine iodide (Life Technologies, CA), was

used for cell separation. The cells were cultured in low glucose Dulbecco’s modified Eagle’s

medium (Gibco
VR

, CA) supplemented with 10% fetal bovine serum (Invitrogen, CA) and 1%

pencillin/streptomycin (Invitrogen, CA). Cell culture was maintained at 37 �C in a 5% CO2 in-

cubator (Sanyo, Japan). The media was replaced every 48 h until confluency. 0.05% trypsin and

0.53 mM EDTA solution were used to dissociate the cells from the bottom of the culture flask.

The cells were transferred into a Falcon
VR

tube for centrifugation to remove the media and

resuspended in phosphate-buffered saline (PBS) at approximately 104 cells/ml. Next, whole

blood samples were obtained from healthy donors and diluted in PBS to �0.4% hematocrit.

MCF-7 cells were then spiked into the diluted blood to obtain approximately 100 MCF-7 cells

in each sample run. The spiked blood was loaded into the lower inlet of the microfluidic chip,

similarly described above. The microfluidic chip was placed in a custom fabricated swinging

bucket to allow a longer radial centrifugal force of 5 s for more effective separation. Following

which, the microfluidic chip was transferred unto the normal swinging bucket for a quick 5 s

centrifugal spin. The microfluidic chip was removed and observed under the microscope.

Finally, the loading inlet and outlets were observed under brightfield and fluorescent micros-

copy. The images taken were further analyzed using ImageJ software.

III. RESULTS AND DISCUSSION

The swinging bucket centrifugation comprises two phases—the radial centrifugation with

the swinging bucket in the horizontal position and the compressive centrifugation with the

swinging bucket in the vertical position. The separation principle occurs mainly in the radial

centrifugation within a transient period of less than 2 s. During the transition, the microfluidic

chip experiences both radial centrifugal force and compressive centrifugal force, providing si-

multaneous forces acting on the particles within the microfluidic chip to provide distinct separa-

tion. Subsequently, the centrifugal force is increased sufficiently to rotate the swinging bucket

outwards such that the microfluidic chip experienced solely compressive centrifugal pressure.

The compressive centrifugation pushes the sample towards the outlets for extraction. At the

same time, the pressure across the ports is in equilibrium, ensuring that the fluid sample is

maintained within the microfluidic chip. The centrifugal microfluidic device operates based on

a compressive pressure driven fluid flow coupled with centrifugal flow mechanism. Briefly, the

onset of centrifugation initiates positive force acting on the fluid inlet interface, thus generating

a fluid flow towards the outlet. The advection fluid velocity can be mathematically expressed as

q ¼
1
2
qfx

2ðr2
2 � r1

2Þ
RTot

; (1)

where qf is the fluid density, x is the angular velocity, and r2 and r1 are the distance from cen-

ter of rotation of outlet and inlet, respectively. Rtot represents the total hydrodynamic resistance

of the microfluidic channel. The hydrodynamic resistance of the microfluidic channel is divided

into two parts. The inlet channel leading to separation channel and outlet channel exiting the

separation channel is of high aspect ratio (height/width> 1), while the separation channel is of

low aspect ratio (height/width< 1). Accordingly, the hydrodynamic resistance, Rh, of the rec-

tangular channels is calculated as below.

For separation channel of low aspect ratio47

Rh �
12 lL

wh3 1� 0:63h
w

� � : (2)
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For other channels of high aspect ratio47

Rh �
12lL

wh3
1� 192h

p5w
tanh

pw

2h

� �� ��1

; (3)

where l is the dynamic viscosity of the fluid, L is the channel length, w is the channel width, h

is the channel height, respectively.

At the same time, a centrifugal force field acts perpendicular to the axis of fluid flow direc-

tion. In particular, the particles flowing along the separation channel experienced a centrifugal

force balanced by buoyancy and hydrodynamic drag, achieving terminal velocity v as described

by

v ¼
d2rx2ðqp � qfÞ

18l
; (4)

where d is the diameter of the particle, r is the distance from center of rotation, x is the angular

velocity, l is the dynamic viscosity of the fluid, and qp represents the density of the particle.

Therefore, based on our centrifugal device, a centrifugal speed of 5000 rpm creates a cen-

trifugal force of approximately 1300� g. By accounting for the hydrodynamic resistance, the

time taken for each particle to travel along the separation channel may be manipulated. This

further determines the vertical displacement of each particle according to its particle diameter.

According to Equation (2), the vertical displacement of the particle is proportional to the square

of its particle diameter. Other forces, such as Coriolis force and Dean’s force are acting on the

particles but has minimal effect in comparison with the centrifugal force and the fluid flow. As

such, a distinguishable separation between particle sizes could be established and bifurcations

may be designed to separate these particles into different outlets. The pressure difference

between the inlets and outlets generated by the centrifugal force translates to a pressure driven

flow rate of 34.2 mm/s, thus the microbeads remain in the separation channel only for a resi-

dence time of 0.44 s. Given the time scale and centrifugal force acting on the microbeads, the

migration distance of microbeads of various particle diameters may be calculated. Table I

shows the comparison of calculated migration distance and actual migration distance of

microbeads of different sizes.

Size separation in the microfluidic chip is further described in Fig. 2. Fig. 2(a) depicts the

particles in the separation channel before centrifugation. Within a short 5 s spin, the microbeads

have all migrated laterally to the channel wall, as depicted in Fig. 2(b). The upper portion of

the channel was further observed under 20� magnification microscope. Only a few 2 lm

microbeads remained dispersed in the upper portion of the separation channel, possibly due to

inertial forces and diffusive forces counteracting particles migration. Next, the mixed colloidal

dispersion was loaded in the lower inlet. With a reduced hydrodynamic resistance, a signifi-

cantly increased advection velocity of 340 mm/s was created. As such, the particles resided in

the separation channel for only 40 ms. Interestingly, within this transition period, the 20 lm

microbeads have migrated distinctly by a distance of 750 lm, while the 2 lm microbeads have

TABLE I. Comparison of migration distances (in lm) of particles.

Up
a Upper Inlet Lower Inlet

20 7468 750

15 4201 422

10 1867 187

5 466 46.9

2 74.7 7.5

aUp is the particle diameter, in lm.
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migrated by only 7 lm, achieving selective separation. The microscopic images before and after

centrifugation are shown in Figs. 2(c) and 2(d), respectively. Particularly, the 20� magnified

image of the upper portion of the separation channel shows a thin bead-free layer, further indi-

cating the marginal migratory distance of the 2 lm microbeads.

To further characterize the performance of the size separation, we loaded polydispersed

microbeads of different diameters (i.e., 20 lm and 2 lm, 20 lm and 5 lm, 20 lm and 10 lm,

20 lm and 15 lm) into the lower inlet and subjected it to 5 s centrifugal spin. As centrifugal

force acts to the square of the particle diameter, a distinct difference in the particle diameter

leads to a more distinguishable separation. Fig. 3(a) shows the relationship of separation effi-

ciency with reducing particle size resolution. With mixed microbeads of 5 lm size difference,

we attained a size separation efficiency of approximately 65%. However, with increasing differ-

ence in the particle diameters, the separation efficiency increases significantly. At the size reso-

lution of 18 lm, i.e., between 20 lm and 2 lm microbeads, we achieved size separation of over

90%. The representative optical images of the particles spanning across different sizes in the

microfluidic chip are further depicted in Fig. 3(b). Here, we observed that the larger particles

are enriched towards the lower half of the separation channel. The smaller particles have

migrated less distinctly, evidently observed with decreasing particle diameters. Overall, our

microfluidic chip has demonstrated its utility in separating particles of different sizes.

Cell suspension was initially subjected to the same centrifugal spin protocol as the

microbeads suspension. Interestingly, even though MCF-7 cells were reported to be of similar

size and density to the 20 lm microbeads,48 no significant migration was observed in the sepa-

ration channel. The deformable cells experienced an additional lift force,11 resulting in inertia

in movement within the separation channel. As such, a longer characteristic time within the

separation channel is required to separate cells of different sizes. To overcome this, a custom

designed swinging bucket was fabricated such that the microfluidic chip was subjected to a lon-

ger radial centrifugal force, as depicted in Fig. 4(a). The microfluidic chip was held in place

horizontally within the custom fabricated swinging bucket during centrifugation, allowing lon-

ger radial centrifugation. Fig. 4(b) shows the MCF-7 cells dispersed uniformly across the micro-

fluidic channel before centrifugation. After 5 s centrifugation, approximately 60% of the MCF-7

FIG. 2. Microbeads separation in centrifugal microfluidic device. Mixed microbeads (20 lm and 2 lm) were loaded on the

upper inlet. Brightfield images of the microparticles (a) before centrifugation and (b) after centrifugation within the separa-

tion channel. Only very few 2 lm microbeads were observed in the upper portion of the channel. Subsequently, mixed

microbeads (20 lm and 2 lm) were loaded on the lower inlet. Brightfield images of the microparticles (c) before centrifu-

gation and (d) after centrifugation within the separation channel. 2 lm microbeads remain dispersed in the upper portion of

the channel. Dotted box represent corresponding microscopic image locations.
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cells have migrated to the outer channel wall, as shown in Fig. 4(c). With an additional 5 s of

radial centrifugation, approximately 80% of the MCF-7 cells have migrated distinctly to the

outer channel wall.

Next, we introduced spiked whole blood with MCF-7 cells into our microfluidic chip and

observed the microfluidic chip under brightfield and fluorescence microscopy as depicted in

Figs. 5(a) and 5(d), respectively. After centrifugation, the microfluidic chip was again observed

FIG. 3. Size separation of polydispersed microbeads in the centrifugal microfluidic device. (a) Graph shows the relationship

between the separation efficiency of mixed particles and its size resolution. Inset denotes the schematic diagram of the size

separation within the microfluidic channel. (b) Representative images of the oligosuspended particles in the microfluidic

channel after centrifugation, larger particles are outlined in red, smaller particles are outlined in green. Scale bar denotes

100 lm.

FIG. 4. Characterization of the custom fabricated swinging bucket in the centrifugal microfluidic device. (a) Photograph of

the custom fabricated swinging bucket that locks the microfluidic chip in horizontal position within the minifuge. (b)

Brightfield image of MCF-7 cells dispersed within the microfluidic channel before centrifugation. (c) Brightfield image of

MCF-7 shows little migration after 5 s radial centrifugation. (c) Significant proportion of MCF-7 cells has migrated dis-

tinctly to the outer channel wall after 10 s centrifugation. Scale bar represents 100 lm.

054114-7 Yeo, Wang, and Lim Biomicrofluidics 9, 054114 (2015)



under brightfield and fluorescence microscopy as depicted in Figs. 5(b) and 5(e), respectively.

Magnified brightfield and fluorescence images were further observed at the bottom of the sepa-

ration channel in Figs. 5(c) and 5(f), respectively. We observed that the MCF-7 cells have

migrated to the bottom of the separation channel. The cells were also clearly shown from the

fluorescent images, indicating that the brief centrifugation did not result in excessive cell lysis.

The red blood cells remained dispersed across the entire channel, indicating that the applied

centrifugal force was insufficient to provide significant force to drive the red bloods cells to the

bottom of the channel. Overall, the results indicated the capability of sorting deformable biopar-

ticles according to size.

The centrifugal separation of different sizes of beads and cells was studied. The separation

efficiency, Sp, defined as the proportion of particles collected over the lower outlet, is calculated

as

Sp ¼ 1� Co

Ci
; (5)

where Co and Ci are particle count per microliter at the upper outlet and loading inlet, respec-

tively. The migration efficiency, Mp, of the beads and cells were also compared. The migration

efficiency is defined as

Mp ¼ 1� Cs

Cm
; (6)

where Cs and Cm are particle count within the separation channel before and after centrifuga-

tion, respectively. Fig. 6 shows the relationship of the cells and particles separation efficiency.

It is clear that the separation efficiency retrieved at the outlet is comparable to the migration ef-

ficiency at the separation channel, indicating few crossovers during the downstream collection.

Our device has achieved over 95% efficiency in separating 2 lm and 20 lm mixed colloidal dis-

persions from its liquid carrier. Furthermore, the same microfluidic chip has achieved high sep-

aration efficiency of over 90% in separating 20 lm microbeads from 2 lm microbeads. Next,

we achieved separation of spiked MCF-7 cells in diluted whole blood with increased radial cen-

trifugation. Finally, we achieved separation of spiked MCF-7 cells in diluted whole blood with

FIG. 5. Cells separation in the centrifugal microfluidic device. MCF-7 cells mixed with diluted whole blood were loaded

into a new microfluidic chip. Representative images of MCF-7 cells with diluted whole blood under brightfield microscopy

within the separation channel (a) before centrifugation and (b) after centrifugation. (c) Representative image under 20� op-

tical magnification at the bottom of the separation channel indicating MCF-7 cells migration. (d)–(f) Corresponding images

under fluorescence microscopy indicating the separation of the MCF-7 cells.
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a separation efficiency of 75%. The loss in separation efficiency could be due to other factors

such as heterogeneity in size, density and stiffness for each cell.

Depending on the loading density, some particles may remain in the separation channel.

Additional centrifugal spin may be required to drive the particles to the desired outlets.

However, particles near the channel wall particularly experienced high inertial force which may

limit the migration of these particles. Retrieval of these particles could be easily achieved by

introducing liquid with a syringe pump via the upper inlet.

Typical size-separation microfluidic devices require sophisticated functional elements such

as filter, conductive electrodes, or surface modification. Peripheral accessories such as pumps,

tubings, and connectors are also necessary during the operation set up. These additional setups

inevitably increases labor requirements and platform cost. In contrast, by using a standard

swinging bucket rotor to process the samples, we decreased the instrumentation required.

Moreover, we used a simple plastic syringe to load the samples within the microfluidic chip.

Similarly, the enriched sample may be extracted from the outlet using a micropipette.

Remarkably, the entire process takes less than 1 min, enabling a rapid and cost-effective separa-

tion technology.

IV. CONCLUSIONS

Centrifugal microfluidics offers an attractive label-free separation technique and has been

demonstrated its utility on many lab-on-CD applications. Undeniably, centrifugal microfluidics

is the closest platform in achieving sample to answer possibilities with many proven features

such as pumping, valving, decanting, fluid splitting, etc.30 Using an existing low footprint

swinging bucket rotor centrifuge, we developed a microfluidic chip that possesses the combina-

tion of fluid pressure driven flow and centrifugal force to provide a distinguishable separation

between microparticles of different sizes. Remarkably, the size selection separation microfluidic

chip is highly versatile as different microfluidic chip designs can be easily implemented in the

system. With a single microfluidic chip, we demonstrated its capability of manipulating the de-

vice to performing liquid extraction with over 95% efficiency or size separation up to 90%

efficiency. In this work, we further demonstrated the separation of MCF-7 cells spiked blood

samples and attained a separation efficiency of 75%. In summary, we achieved efficient label-

free size separation using minuscule sample volumes within 10 s. Furthermore, the simple fabri-

cation process and integration with existing standard benchtop centrifuge and accessories

FIG. 6. Comparison of separation and migration efficiency of cells and particles on the centrifugal microfluidic device.
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increase its cost effectiveness. Importantly, the rapid and efficient extraction of bioparticles in

different outlets can enable better downstream processing for researchers and clinicians.
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